Hyaluronan (HA) occurs in the body as a large, hydrating, space-filling, carbohydrate polymer in the extracellular matrix; it has both anti-angiogenic and immunosuppressive properties. Cleavage of HA results in the generation of variably sized fragments that stimulate multiple angiogenic and inflammatory responses in a size-specific manner. In this study, we report that platelets, as well as their megakaryocyte precursors, are unusual among somatic cells in that they contain only hyaluronidase 2 (HYAL2) but not HYAL1. Platelet HYAL2 is sufficient to cleave HA into fragments that are specific for inflammatory and angiogenic signaling; this process occurs in the absence of HYAL1, which is necessary in all other tissues to perform further HA degradation. Platelets can bind to HA, some of which derives from the stressed microvessel endothelial cell surface. Platelet-derived HYAL2 cleaves HA into fragments that stimulate mononuclear leukocytes in the immediate microenvironment to produce proinflammatory cytokines, including interleukin-6 and interleukin-8. Platelets, thus, are not only involved in hemostasis, the earliest step in wound healing, but are also important in the signaling of subsequent inflammatory and angiogenic steps. We hypothesize that aberrations in these sequential steps can promote chronic inflammation, as found in inflammatory bowel disease. The platelet may thus Hyaluronan (HA) is a ubiquitous carbohydrate polymer of the extracellular matrix. Its deposition is greatly increased during development, repair and regeneration, in malignancy, and particularly in inflamed tissues. High molecular size HA (10 6 to 10 7 Da) occurs in the body as a hydrating, space-filling polymer. [1] [2] [3] This form of HA is found in normal, intact, healthy tissue, and contributes to local homeostasis by suppressing cell proliferation, migration, angiogenesis, inflammation, and immunogenicity. 4 -6 On the other hand, fragmentation of HA results in smaller polymers that are highly angiogenic, inflammatory, and immunogenic in a size-dependent manner. [7] [8] [9] [10] [11] Such HA fragments in tissues reflect a stress response and function as endogenous danger signals. 12 HA fragments promote angiogenesis by driving endothelial cell proliferation and migration, and by stimulating production of angiogenic and inflammatory factors. These fragments also impact immune responses by promoting macrophage chemotaxis and inflammatory cytokine production. This suggests that HA fragments constitute an information-rich system. 13 HA levels increase during inflammation in both human and animal systems, 14 -16 as well as upon sterile damage. 11 The net HA concentration and the polymer sizes deposited within the extracellular matrix are the result of a careful balance between synthesis and degradation.
HA is produced as a straight chain unmodified polymer of repeating disaccharides of D-glucuronic acid and N-acetylglucosamine. It is synthesized on the cytoplas-mic surface of plasma membranes by three HA synthases, HAS1, HAS2, and HAS3 17, 18 and extruded into the extracellular space, where it integrates into the extracellular matrix.
Catabolism of HA in somatic tissues, on the other hand, is mediated principally by two hyaluronidases, HYAL1 and HYAL2. 19 -21 The mechanisms responsible for generating and maintaining HA fragments of specific size in sufficient concentration for signaling, particularly in an inflammatory response, have not been defined. Of the two HYALs in somatic tissues, HYAL2 is a cell surface glycosylphosphatidylinositol-anchored protein, which, in cooperation with CD44 22, 23 catalyzes the initial reaction that cleaves the large HA polymers. 24 Normally, the acidactive lysosomal enzyme, HYAL1, degrades these HA oligomers to tetrasaccharides. 25, 26 The completion of HA degradation to the individual sugars follows, and is assisted by two lysosomal ␤-exoglycosidases, ␤-glucuronidase, and ␤-N-acetyl glucosaminidase. 20, 21 Also contributing to degradation are the nonenzymatic reactions, most notably those involving reactive oxygen species that cause random depolymerization of HA. 27 Platelets are specialized cells in circulation traditionally associated with clot formation and hemostasis. The essential role of platelets in inflammatory conditions such as in cardiovascular disease, 28 inflammatory bowel disease, 29 and a host of autoimmune disorders have recently become appreciated.
In this report we describe for the first time that both platelets and megakaryocytes contain exclusively HYAL2, with no evidence for HYAL1, which is found in all other tissues. 30 Platelets, therefore, appear to possess a unique mechanism for promoting inflammation. Circulating platelets, and immune cells, bind initially to HA on activated microvessel endothelial cell surfaces. The platelet-derived HYAL2 then cleaves the HA produced in the inflamed local vasculature, and possibly HA provided by the platelets themselves. This results in the generation of signaling-sized fragments that are released into the local microenvironment. The cleaved HA induces the production of proinflammatory cytokines and chemokines by the local mononuclear leukocytes, as well as recruitment of additional inflammatory cells.
Materials and Methods

Isolation of Human Platelet-Rich Plasma and Platelets
Details for the isolation of platelet-rich plasma and of platelets from normal volunteers are similar to those described previously. 31 Peripheral venous blood was collected with consent as approved by the Institutional Review Board of the Cleveland Clinic. Blood samples were drawn into syringes containing 10% disodium citrate in Hanks' balanced salt solution (HBSS) (final blood concentration, 1% citrate). Platelet-rich plasma was obtained by centrifugation of 5 ml of blood in polypropylene test tubes at 180 ϫ g for 8 minutes at room temperature, collecting the upper fraction. In vitro clot formation was achieved by the addition of calcium chloride (20 mmol/L) and thrombin (1U/ml) to the platelet-rich plasma, and incubation at 37°C for 10 minutes. The clot was gently removed and fixed in Histochoice (Sigma-Aldrich, St. Louis, MO), paraffin-embedded, and 5 mmol/L serial sections cut and stained (below). Platelets used for RNA isolation and Western blotting were collected by centrifugation (1200 ϫ g for 2 minutes) and washed three times in HBSS containing 1% citrate before making appropriate extracts.
Isolation of Mouse Bone Marrow
Male C57/BL6 mice were conventionally housed at the Cleveland Clinic and all husbandry and euthanization were conducted according to Institutional Animal Care and Use Committee-approved protocols. Untreated mice were sacrificed and their femurs collected. After dissecting the articular surfaces, a 26-guage needle was inserted into one end of the bone, and the bone marrow was flushed out with 2 ml of HBSS fed by a syringe. The expelled bone marrow was centrifuged (400 ϫ g for 5 minutes) and the pellet fixed in 1 ml of Histochoice (Sigma-Aldrich).
Fluorescence Histochemistry for Confocal Microscopy
Descriptions of fluorescence histochemistry and confocal microscopy were provided previously.
14 Briefly, sections of in vitro clot or inflamed mouse colon were deparaffinized and incubated in a solution of HBSS containing 2% fetal bovine serum (FBS) for 30 minutes. The slides were then incubated with a solution containing biotinylated HA-binding protein (bHABP) (Seikagaku Corp., Tokyo, Japan) at 5 mg/ml, and the appropriate antibody. Rabbit polyclonal antibodies directed against HYAL1 and HYAL2 were used at 1:100 (polyclonal antibodies specific for HYAL1 and HYAL2 were prepared in rabbits using synthetic peptides corresponding to amino acids 104 to 120 and 100 to 116, respectively 30 ; a goat polyclonal antibody against CD42b (Santa Cruz Biotechnology, Santa Cruz, CA) was used diluted at 1:100; and an affinity-purified biotinylated rabbit antibody to fibrinogen (gift of Patricia Dibello, Cleveland Clinic) was used at 4 mg/ml. All were diluted in HBSS containing 2% FBS for 16 hours at 4°C. The slides were subsequently washed three times with HBSS, and then incubated with a solution containing Alexa-488-tagged streptavidin (1:500) or Alexa-568-conjugated anti-Ig (HϩL) (1:1000) directed to rabbit or Alexa-488-conjugated anti-goat antibody (1:1000) in HBSS containing 2% FBS. This secondary incubation was done for 1 hour at 25°C. The slides were washed three times in HBSS and coverslips affixed to the slides in Vectashield mounting medium containing 4,6-diamidino-2-pheny;indole (DAPI) (Vector Laboratories, Youngstown, OH) as a nuclear stain. The slides were then sealed with nail polish and stored at Ϫ20°C. Confocal images were obtained using a Leica TCS-SP laser-scanning confocal microscope (Leica, Heidelberg, Germany), which is equipped with three lasers and photodetectors that permit detection of three distinct fluorochromes.
Extraction and Expression of Platelet mRNA
RNA from washed platelets was extracted by the phenolchloroform method using Trizol (Invitrogen, Carlsbad, CA) reagent according to the manufacturer's protocol. Expression of mRNA was evaluated by reverse transcription and the polymerase chain reaction using oligonucleotide primers for ␤-actin, HYAL1, and HYAL2, as described previously. 32 
Identification of Hyal2 Protein by Western Blot Analysis
Washed platelets obtained from 12 ml of whole blood were collected and resuspended in 40 l of HBSS and mixed with an equal volume of Laemmli sample buffer (Bio-Rad, Hercules, CA), and 2-mercaptoethanol (2-ME) was added to a final concentration of 5%. Equal sample volumes (2 l) were added to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels, and electrophoresis was performed. After separation, the samples were electroblotted onto polyvinylidene difluoride (PVDF)-type transfer membranes (Immobilon-P; Millipore, Bedford, MA) at 4°C. Blocking was performed in phosphate-buffered saline (PBS) containing 0.1% Tween-20 (PBST) and 5% nonfat dry milk for 2 hours at 25°C. The membrane was incubated with rabbit polyclonal antiserum to Hyal2 (1:500) in PBST containing 5% nonfat dry milk for 16 hours at 4°C. After five washes with PBST (10 minutes each), horseradish peroxidase-conjugated secondary antibody (1:3000 in PBST with 5% milk) was incubated with the membrane for 1 hour at 25°C. Membranes were washed four times with PBST and twice with PBS (10 minutes each). Positive bands were reported by a chemiluminescence detection system (Amersham, Piscataway, NJ) according to the kit protocol.
Isolation and Culture of Human Intestinal Microvessel Endothelial Cells (HIMECs)
HIMECs were isolated from surgically resected human colon tissue and grown in culture as previously described. 33 Mucosal strips measuring 2 to 3 cm were dissected from the surgical specimens, rinsed in sterile HBSS, and stirred for 30 to 45 minutes at room temperature in a solution of 1.5% dithiothreitol in HBSS to remove mucus. Next, three sequential 45-to 60-minute washes, using a solution of 10% ethylenediaminetetraacetic acid in HBSS, were done to remove epithelial cells. Mucosal strips were then minced into 12-mm pieces and digested in a 2 mg/ml type II collagenase solution (Worthington Biochemical Corp., Freehold, NJ) at 37°C for 15 minutes. After the enzymatic digestion, the fragments were transferred into a sterile Petri dish containing endothelial MCDB 131 growth medium (Sigma Chemical Co., St. Louis, MO), 20% heat-inactivated FBS, 2.5% penicillin-streptomycin-Fungizone solution, and 90 mg/ml heparin. Mechanical compression with the blunt edge of a no. 21 scalpel blade was applied to the center of each tissue fragment, squeezing in an outward direction to express clusters of microvascular endothelial cells. The culture medium containing expressed cells was filtered through a sterile 60-mm-pore nylon cell strainer (BD-Falcon; BD Biosciences, San Jose, CA) to remove tissue fragments. The filtered cells were suspended in 10 to 20 ml of endothelial growth medium. This cell suspension, containing clusters of endothelial cells, was then passed through a second nylon filter with a 15-mm-pore diameter (Nitex; Tetko Inc., Briarcliff Manor, NY). Trapped cells, enriched for endothelial clusters, were flushed off the filter, collected, pelleted, and suspended in endothelial growth medium supplemented with 50 mg/ml of endothelial cell growth factor (Boehringer Mannheim, Indianapolis, IN). Endothelial cell clusters were plated onto 10-cm 2 tissue culture dishes precoated for 1 hour before plating with a 1-mg/ml (0.4 mg/cm 2 ) solution of fibronectin (Boehringer Mannheim) in PBS.
Plates were incubated in a 5% CO 2 humidified chamber at 37°C and observed between 7 and 10 days. Clusters of endothelial cells were identified by their cobblestone appearance and positive von Willebrand factor staining (DAKO, Carpinteria, CA).
Identification of Platelet-Clipped HA Fragments
Confluent intestinal endothelial cell cultures (75 cm 2 area) were metabolically labeled with 3 H-glucosamine (0.1 mCi/ ml), a precursor sugar of glycoseaminoglycans, during the entire 18 hours of tumor necrosis factor (TNF)-␣ (10 ng/ml) treatment. Labeled endothelial cell cultures were washed four times, and incubated without or with platelets (10 8 /ml) in MCDB medium containing 2% FBS for 1 hour at 37°C. The treatment medium from each culture was collected, centrifuged (12,000 ϫ g) to remove platelets, and the supernatant collected. The samples were treated with and equal volume of in 0.1 mol/L NH 4 acetate, pH 7.0, containing 10ϫ proteinase K (Sigma) for 3 hours at 60°C. Samples were applied to a Sephadex G50 (fine) desalting column in 0.1 mol/L NH 4 acetate, pH 7.0. The samples were concentrated to 1 ml using speed-vacuum evaporator centrifuge. Samples were applied to a molecular sieve column (Superose 6) at 0.38 ml/minute in 0.5 mol/L NH 4 acetate, pH 7.0, and fractions collected every minute. Fifty l of each fraction was added to 4 ml of scintillation fluid and counted in a ␤-counter. Radioactive counts were plotted to give the elution profile and fraction numbers were standardized to K av values. A method for the determination of the molecular weight and molecular weight distribution of chondroitin sulfate 34 was used to convert K av values to mass average values in Da.
Identification of Glycoseaminoglycans by Fluorophore-Assisted Carbohydrate Gel Electrophoresis
To confirm the identity and relative amounts of the 3H-labeled glycoseaminoglycans liberated by platelets co-incubated with TNF-␣-activated endothelial cells, fluorophore-assisted carbohydrate gel electrophoresis was used as previously described. 35, 36 Consecutive fractions of samples from the molecular sieve column were pooled in groups of five and concentrated with a speed vac. Pooled samples were heat-inactivated (100°C, 5 minutes) to destroy any residual proteinase K activity, and treated with chondroitinase ABC (292 mU/ml) and hyaluronidase SD (28 mU/ml) overnight at 37°C (Both enzymes purchased from Associates of Cape Cod, MA). EtOH was then added to 90% followed by incubation overnight at Ϫ20°C to remove any remaining insoluble material. After centrifugation, the supernatants were collected and evaporated to completion. The hyaluronidase and chondroitinase digestion products were derivatized by addition of 12.5 mmol/L 2-aminoacridone (AMAC) in 85% dimethyl sulfoxide/15% acetic acid for 15 minutes at ambient temperature. An equal volume of 1.25 mol/L sodium cyanoborohydride in ultrapure water was added and the incubation continued for 18 hours at 37°C. Glycerol was added (final concentration 20%), and the samples stored at 4°C in the dark until analysis. Aliquots (5 l) of each sample, along with derivatized disaccharide standards, were electrophoresed (500 V, 80 minutes) on MONO composition gels (Glyko, Novato, CA), in MONO gel running buffer, at 4°C. The gels were visualized with a UV light transilluminator, imaged with a Quantix CCD (Photometrics, Tucson, AZ) camera, and the results analyzed using Gel-Pro Analyzer (Media Cybernetics, Bethesda, MD) software.
Preparation of Platelet-Cleaved HA Fragments
Confluent intestinal endothelial cell cultures (75 cm 2 area) were treated with or without TNF-␣ (10 ng/ml) in MCDB medium containing 5% FBS for 18 hours at 37°C. Endothelial cells were rinsed and platelets (10 8 /ml) added in RPMI 1640 medium containing 2% FBS, and incubated for 1 hour at 37°C. Medium was collected and platelets were removed by centrifugation. The supernatant was treated with Proteinase K for 4 hours (250 g added per ml initially and again after 2 hours) to degrade all proteins and the samples were heat-inactivated (90°C, 10 minutes) to destroy any residual proteinase K activity. Absolute ethanol was added to a final concentration of 75% and stored at Ϫ20°C overnight to precipitate HA. Concentration of HA was determined using the Hyaluronan ELISA kit (R&D Systems, Minneapolis, MN) according to the manufacturer's directions. Aliquots of 100 l containing 100 g of HA fragments in HBSS were treated without or with 100 mU of hyaluronidase from Streptococcus dysgalactiae (hyaluronidase-SD; Cape Cod and Associates), which specifically cleaves HA into disaccharide units. Matched samples were treated for 4 hours at 37°C, then boiled for 10 minutes to inactivate the enzyme, and applied directly to monocyte cultures.
Activation of Monocytes by Platelet-Cleaved HA Fragments
Purified monocytes were purified and provided to us by the Clinical Research Unit, Leukophoresis Core Service at the Cleveland Clinic. Briefly, blood was collected by whole body aphaeresis according to an institutional review board-approved protocol. Blood was fractionated by centrifugal elutriation, and the fraction containing monocytes was collected for these studies. The purity of the samples used in the presented studies was routinely greater than 95% monocytes.
Monocytes were resuspended to 5 ϫ 10 6 /ml in RPMI 1640 medium containing 2% FBS. Cells (10 ϫ 10 6 ) were dispensed into 10-cm 2 wells. Platelet-cleaved HA fragments (final concentration, 50 g/ml), hyaluronidase SD-treated HA fragments, and medium (100 l) were added to individual cultures. Monocytes were incubated at 37°C for 48 hours. The culture content was collected, the sample centrifuged, and the supernatant was filtered (0.2 ).
Screening for Inflammatory Cytokines
Cytokine presence in monocyte supernatants was detected using Panomics TranSignal 36-human cytokine antibody array according to the manufacturer's instructions Panomics, Inc., Fremont, CA). Blots were scanned on a Bio-Rad ChemiDOC XRS, and densitometry values obtained with Quantity One version 4.6.5 software. Measured densitometry units were normalized to the array internal positive control, yielding the relative densitometry unit. Relative densitometry units ϭ (average of the experimental values)/(average of the blot internal positive control) ϫ 100.
Results
Murine Platelets and Megakaryocytes Contain Exclusively HYAL2 With No Evidence for HYAL1
Markedly increased HA deposition is a common feature of many inflamed tissues such as the intestinal mucosa of patients with IBD.
14 Similarly, a pronounced deposition of HA is observed in a mouse model of IBD 16 induced by dextran sodium sulfate ingestion. HYAL1 and HYAL2, the two major somatic hyaluronidases, control HA catabolism and therefore the localization of these enzymes was examined in the dextran sodium sulfate model of IBD.
Serial sections of inflamed colon tissue from mice with colitis were stained to localize HYAL1 and HYAL2 ( Figure  1, A and B) , and a differential expression of the two hyaluronidases was observed. HYAL1 was observed throughout the tissue, but associated especially with nucleated infiltrating leukocytes. Figure 1C , a hematoxylin and eosin-stained section from adjacent colon, provides a tissue reference and shows areas of inflammatory infiltration. In marked contrast, HYAL2 staining was apparent in the blood vessels of the inflamed tissue, not in association with the blue-staining nucleated cells, but in association with very small, nonnucleated cells suggestive of platelets (indicated by the arrows in Figure 1B and in enlargement Figure 1B ).
Platelets were therefore examined to determine their identity as the HYAL2-expressing cells. Figure 2A demonstrates a magnified view of a three-dimensional reconstruction of platelet aggregates obtained from an in vivo clot present in the colitic tissue. Platelet identity was confirmed by immunohistochemistry using a platelet-specific surface marker CD42b (von Willebrand receptor GP1b), shown in green. Red staining was used for the localization of HYAL2. Perfect co-localization of the CD42b and HYAL2 patterns was observed as indicated in the yellow overlay staining, indicating that HYAL2 was associated with platelet surface membranes. Such a pattern was also consistent with the HYAL2 enzyme being a glycosylphosphatidylinositol-anchored cell surface membrane protein. 22, 24 No evidence of HYAL1-specific staining was obtained in serial sections of the clot within the intestinal tissue, although leukocytes in other areas of the same tissue stained intensely ( Figure 1A) .
Platelets are derived from megakaryocyte bone marrow precursors. To establish whether megakaryocytes also contained HYAL2, bone marrow aspirates from mouse femurs were stained. A stippled red-staining pattern for HYAL2 staining was observed in these cells (Figure 2B) indicating that the enzyme was present in abun- Figure 1 . HYAL1 and HYAL2 are differentially expressed during colitis, with HYAL2 being specifically associated within blood vessels. Serial sections of distal colon from a mouse that had developed a dextran sodium sulfate-induced inflammation were stained with antisera raised against the hyaluronidase HYAL1 and HYAL2 (green) and with DAPI stain for nuclei (blue). A: HYAL1 appears throughout the inflamed tissue and is most prominently associated with leukocytes. HYAL2-specific staining (B and higher magnification, D) is most prominent on small anuclear structures within focused areas of the mucosa, which when viewed at higher magnification (D) have the appearance of blood vessels (arrows, B). D: The red color indicates autofluorescent molecules in the tissue including the bright elastic lamina defining the blood vessels, and some red blood cells in the lumen in the magnified image. C: H&E-stained adjacent (not serial) section provided for tissue orientation. The area noted (dotted line) is characteristic of the area captured in the fluorescent images (serial sections A and B). As we have previously shown, features of colitis 16 include: a highly damaged epithelial layer (E) surrounding the intestinal lumen (L); a pronounced leukocyte infiltrate (I) present above the mucosal muscle (MM) layer, and in the expanded submucosa (S); more prominent blood vessels (bv); and an expanded external muscle layer (EM).
Figure 2.
Murine platelets and megakaryocytes contain exclusively the HA-degrading enzyme HYAL2. A: An in vivo clot from inflamed mouse colon tissue is stained for the platelet marker CD42b (green) and HYAL2 (red) with specific antisera and fluorescently labeled secondary antibodies. Nuclei are labeled blue with DAPI and observed by confocal microscopy. The co-localization of HYAL2 and CD42b appears yellow. Lack of blue DAPI staining indicates high purity of the platelet preparation. B: Mouse bone marrow aspirate demonstrating that megakaryocytes express HYAL2 (red). Identification of megakaryocytes in this preparation is based on the characteristic large size (ϳ50 m) and fragmented DAPI-stained nuclear material (blue). They contain the Hyal 2 enzyme in abundance before fragmenting into platelets. Vol. 174, No. 6 dance in these platelet precursor cells before becoming fragmented into platelets.
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Human Platelets Also Express Exclusively HYAL2, With No Evidence for HYAL1
To determine whether human platelets also expressed hyaluronidases in a similar pattern to that of mice, sections from a clot produced in vitro from thrombin-treated human platelet-rich plasma were stained with HYAL1-and HYAL2-specific antibodies (red). We found that human platelets also contain HYAL2 that co-localizes with CD42b producing the characteristic yellow overlay in confocal micrographs (Figure 3 ), whereas HYAL1 was not expressed, consistent with our findings in mouse platelets.
To ascertain whether circulating platelets also normally expressed HYAL 2 before clotting, we stained preparations of human platelet-rich plasma. We found HYAL2 was expressed on the majority of freshly isolated platelets ( Figure 4A ). Additionally we wanted to determine whether the substrate for HYAL2 enzyme, ie, HA, was normally present in the platelet environment and if so how it was distributed. Therefore the same preparations were costained for HA (green) using biotinylated HA-binding protein (bHABP). As shown in Figure 4A , platelets appeared to contain HA. Co-expression of the hyaluronidase enzyme and its HA substrate in platelets occurred with high frequency. These results demonstrate that HYAL2 enzyme and HA are in close proximity during clotting.
A cytospin preparation of normal human platelets was obtained, to examine localization at a higher magnification. Staining for HYAL2 (red) confirmed a membranous pattern. HA (green), was observed in internal granules in the platelet ( Figure 4B ) and there was an obvious separation between the HYAL2 enzyme and the HA substrate. This separation physically prevents access of enzyme to substrate. Of intrinsic interest is the nature of the separation between HYAL2 and HA after platelet degranulation. The reaction must be held in abeyance for a short period after clot formation and the initiation of wound healing.
To better understand the origin of the HA in platelets, megakaryocytes from a mouse bone marrow aspirate were examined using the same bHABP. We found the cytoplasm of megakaryocytes stained abundantly for HA ( Figure 4C ). Little staining was observed in other bone marrow hematopoietic precursor cells. Although the function of the HA in megakaryocytes is not clear, the HA appears to fill the cytoplasm and is likely included in platelets during formation.
To confirm the presence of HYAL2 protein, immunoblot analyses were performed on platelets isolated from two normal human control donors. Figure 5A demonstrates that the major band detected in each sample corresponded with the 54K calculated molecular weight of the human HYAL2 protein. The difference in staining intensity between the two bands may reflect normal differences in HYAL2 content between individual donors. Specific HYAL1 protein bands were not detected in these samples, even when extract loading was increased 20-fold (not shown). Thus, HYAL2 is the only hyaluronidase expressed by circulating platelets, suggesting that platelets do not have the capacity to degrade HA beyond what HYAL2 digestion can achieve.
Some proteins are synthesized by platelets themselves, whereas others, such as fibrinogen, are taken up from circulating proteins. Therefore we investigated whether HYAL2 protein could be made by platelets by asking whether platelets contained HYAL2 mRNA. Using RT-PCR analysis of RNA isolated from human platelets ( Figure 5B ) we detected the HYAL2 mRNA, but not HYAL1 mRNA. As a positive control, however, we were able to detect HYAL1 expression in RNA samples obtained from intestinal epithelial cells using the same primers (not shown). Because the platelet has the ability to synthesize a number of proteins, even in the absence of a nucleus and without nuclear control mechanisms, 37 ,38 the presence of HYAL2 mRNA in platelets suggests that the enzyme may be one of the proteins synthesized de novo.
Platelets Bind to HA and Mediate Fragmentation
Membrane-bound HYAL2 can degrade HA in cell culture medium at neutral pH. 23 Because HYAL2 is present on platelet membranes, we asked whether platelets had the ability to cleave polymeric HA in vitro. TNF-␣ induces intestinal endothelial cells to produce HA structures on their surfaces, which act as leukocyte adhesion molecules. 16 Because of the biological importance of platelet adhesion to the endothelial surface, we used this endothelial source of HA as substrate, to test the capacity of platelets to degrade HA. Figure 6A shows a high-power field in which freshly isolated platelets were incubated with HA-expressing TNF-␣-activated mucosal endothelial cells (indicated by their blue DAPI-stained nuclei) at 4°C. After 1 hour, the cultures were washed to remove unbound platelets. Platelets, identified by CD42b staining (red) were observed attached to HA (green). Similar additional experiments (Figure 6 , B-D) tested whether bound platelets could degrade HA. Figure 6C shows that compared with control intestinal endothelial cells (Figure 6B ), TNF-␣ activated endothelial cells produced greater amounts of HA (green). Again, platelets (positively stained red for HYAL2) bound to HA at 4°C (as magnified in Figure 6A ), creating close contact of enzyme and substrate but not degradation. However, when parallel cultures were subsequently incubated at 37°C, rapid disappearance of HA from cell surfaces occurred ( Figure 6D ). Temperature sensitivity is consistent with the requirements for enzyme activity.
Platelets Cleave HA Polymers into SignalingSized Fragments
HA fragments induce a variety of proinflammatory and proangiogenic responses in leukocytes and endothelial cells by signaling through CD44, RHAMM, TLR4, and TLR2. 10 -12,22,39,40 Therefore, we examined whether signaling-sized HA fragments appeared in the cell supernatant during the breakdown of endothelial cell-produced, cell-associated polymers of HA. HIMECs incubated with radiolabeled 3 H-glucosamine generated labeled HA in response to TNF-␣. Data presented in Figure 7A show the comparative size and quantity distribution of the radiolabeled products collected in the supernatant fluids from TNF-␣-stimulated HIMECs incubated without and with platelets. Relatively little radiolabeled material, and of comparatively low (Ͼ10 kDa or fragments Ͻ50 saccharides) molecular weight, was found in the supernatant of the endothelial culture that did not receive platelets (dashed green). In platelet-containing cultures much greater quantities of larger sized products (400 down to 10 kDa, or fragments between 2000 and 50 saccharides) were detected (dotted red) in the culture supernatant fluids. Carbohydrate analyses ( Figure 7B ) using FACE demonstrated that the radiolabeled fractions contained HA.
Platelet-Cleaved HA Fragments Induce Monocyte Activation
The fragments cleaved from endothelial cell surface HA by platelets fall in the range of the HA size reported to drive production of proinflammatory and proangiogenic factors. [7] [8] [9] [10] 12, 15, 41 To determine whether the plateletcleaved fragments have immune-activating properties, several individual preparations of platelet-cleaved HA fragments were created. HIMECs were treated with RT-PCR analysis of mRNA isolated from freshly isolated platelets. Analysis of RNA was performed using primers to detect HYAL1, HYAL2, and ␤-actin expression as described in the Materials and Methods. Lanes were loaded with reaction products from 0.1 g of RNA per lane.
TNF-␣ to induce HA cable formation. Platelets were added to the cultures and the supernatants containing the platelet-liberated HA fragments were collected. Elutriation-purified populations of normal human monocytes were divided and treated with no fragments, plateletcreated HA fragments, or hyaluronidase-SD (a specific bacterial enzyme that reduces HA to disaccharides)-treated platelet-cleaved HA fragments. Monocyte culture fluids collected after 48 hours of treatment were analyzed in protein screening arrays for inflammatory factor release. Figure 8 presents data from a representative experiment in which a single preparation of platelet-cleaved HA fragments was used to treat a monocyte population (99% pure). The immunoblot shows the selective upregulation of interleukin IL-6 and IL-8 proteins in monocyte supernatant fluids after treatment with platelet cleaved HA fragments (dark bars) compared with no fragments (white bars). The stimulatory effects of the HA fragments on monocytes were substantially decreased by hyaluronidase-SD pretreatment (striped bars), indicating that the activating effects on monocytes was attributable to HA and not contaminants in the supernatant. In contrast, TNFR1 was constitutively secreted into the medium, but not regulated by HA, and IL-1␤ and IL-15 were neither expressed nor HA regulated in these monocyte cultures.
Discussion
Platelets have long been acknowledged to participate in inflammation, 4, 6, 29, 42 but the mechanism by which this is accomplished is incompletely understood. Here we pro- . 16 When freshly isolated platelets (CD42b, positive, red) are added to the cultures at 4°C for 1 hour, some adhere to HA [A (magnified image) and C] whereas others can be washed away. D: HA (green) is rapidly degraded on incubation with platelets at 37°C, whereas the endothelial monolayer remains intact. Fragments of HA were collected from the culture fluid of TNF-␣-stimulated endothelial cells that were incubated with platelets for 1 hour at 37°C as described in the Materials and Methods. Fragments were purified by exhaustive protein digestion and ethanol precipitation, and the amount of HA determined by ELISA. Preparations of HA fragments were split and one half fully degraded with hyaluronidase-SD (HYAL-SD). Elutriation-purified monocytes (10 7 , 99% pure) were cultured in 2 ml of RPMI 1640 medium containing 2% FBS and treated without fragments (control), with platelet-created HA fragments (50 g/ml), or with HYAL-SD-digested platelet-created HA fragments for 48 hours. Supernatants were analyzed for cytokine content by immunoblot (A), and normalized densitometric values calculated (B). White bars, control; black bars, HA fragment treated; and striped bars, hyaluronidase-SD-degraded fragment-treated. Protein blot is representative of four experiments using different preparations of platelet-clipped HA.
vide novel evidence that platelets mediate a previously undescribed mechanism to degrade HA and generate fragments that promote inflammation and angiogenesis. This hitherto unknown pathway provides a molecular basis for platelet-associated inflammation, as shown diagrammatically ( Figure 9 ). The discovery of this new platelet-associated HA-HYAL2 axis necessitates reevaluation of pathological disorders in which platelets are abundant and in which microthrombi play important roles.
This report is the first to identify platelets as a prominent source of the enzyme HYAL2, even though hyaluronidase activity associated with platelet fractions has been documented previously using biochemical techniques. 43 Platelets have no trace of the HYAL1 found in nearly all other tissues, as determined by Northern blot analysis with a cDNA probe using an expression library of vertebrate tissues. 30 Although it is unknown whether platelets are even capable of internalizing HA, the lack of HYAL1 suggests that platelets, uniquely, do not have the machinery to further degrade HA fragments. Histochemical studies reveal that HYAL2 is primarily associated with the platelet surface membrane, consistent with the enzyme being predominantly a glycosylphosphatidylinositol-anchored protein. 44 The enzyme is also expressed in megakaryocytes, the platelet precursors. mRNA expression in platelets suggests that HYAL2 protein synthesis may be occurring in mature, anucleated platelets, similar to the platelet protein synthesis process described by Weyrich and colleagues. 37, 38 HYAL2 is also expressed by megakaryocytes before platelet formation, however we do yet know what role it may serve for these precursors either in the bone marrow niche or during platelet formation.
We recently reported that TNF-␣-activated human intestinal microvascular endothelial cells produce large HA structures on their surfaces. 16 Platelets bind to and degrade these HA matrix structures, and do so at neutral pH. The optimal pH for HYAL2 enzyme activity is controversial, although Harada and Takashi 23 recently showed in a cell transfection model that membrane-bound HYAL2, in concert with CD44, mediates HA degradation at neutral pH. CD44 is the predominant receptor for HA. 45 Cleavage of HA by HYAL2 in breast cancer cells also requires the presence of CD44, together with Na ϩ H ϩ exchanger1 (NHE1). 22 However, we were unable to detect CD44 in platelets by immunofluorescent staining in several human platelet preparations tested (data not shown). Others, however, have successfully demonstrated CD44 on murine platelets, 46 and this discrepancy with our data may reflect a difference in reagents low abundance of CD44 protein. Whether CD44 is required only at low levels, or whether some other HA receptor or binding protein is present in platelets that facilitates HA cleavage by HYAL2 is not yet known.
Importantly, we have demonstrated in this report that HA cleaved by platelet HYAL2 can activate monocytes. The fragmented HA preparation resulting from plateletmediated degradation contains a polydisperse size range, and includes fragments of sizes known to induce proinflammatory, proangiogenic effects. We confirmed that the platelet-generated fragments created in our system were signaling sized by demonstrating that naive human peripheral blood monocytes, exposed to proteinfree, platelet-cleaved HA preparations, were induced to secrete specific inflammatory cytokines. Reproducibly throughout our experiments, IL-6 and IL-8 were regulated by platelet-cleaved HA fragments. Increased expression of the potent immune-regulating cytokines IL-6 and IL-8 by HA fragments has been previously been reported in other cell systems including cumulus cells 47 and endothelial cells. 10 Additional cytokines, including RANTES and MIP1␤ were also induced by platelet-cleaved HA in some experiments (de la Motte, unpublished). Whether these additional cytokines resulted from shifts in the HA fragment spectrum or different responsiveness of the monocytes from individual donors is unknown. In line with our theory that HA fragments contribute to certain inflammatory diseases, in particular IBD, patient disease activity may correlate with the levels as well as the spectrum of cytokines induced by HA.
Based on this work and our recent observation that HA is present within intestinal blood vessels during colitis, 16 we propose the following model for the perpetuation of inflammation, and for the chronicity of the inflammatory process ( Figure 9 ). Circulating HYAL2-positive platelets bind to the HA on the surface of activated inflamed endothelial cells. Thrombi form at the areas of tissue damage, which provides close proximity of the HA and platelets. Fragments of HA are generated, which induce chemokine and cytokine production in local leukocytes. The HA fragments also activate endothelial cells and smooth muscle cells to proliferate, migrate, and also to produce angiogenic factors through TLR-4 receptors. This becomes a chronic self-perpetuating inflammatory process. In some pathological situations, fibrosis may result as the end product of this process, such as found in Crohn's disease, scleroderma, and systemic lupus erythematosus (SLE). The severe scarring and fibrosis found in some patients as a result of failed attempts at wound healing may be a variation of this same process. TLR regulation of IL-6, likely through a HA-mediated pathway, was shown recently to contribute to experimental lung fibrosis. 48 After tissue damage, HA is rapidly deposited in high molecular size form. The initial edema associated with early wound healing is a result of HA accumulation together with its large volume of water of hydration. The HA apparently is contributed not only by local tissue synthesis but, as we now realize, may also arise from platelet degranulation ( Figure  2a ). High molecular size HA opens up tissue spaces that facilitate neutrophil invasion, and clearance of debris, bacteria, and necrotic tissue. This implies that HYAL2 activity, initially, is held in abeyance, presumably through the action of an unidentified inhibitor. Inhibitors of the hyaluronidases are virtually unexplored, although they were first detected more than half a century ago. 49, 50 We propose that fibrinogen, because of its large size and ability to bind to HA 51, 52 functions as such an inhibitor by preventing association between enzyme and substrate. Alternatively, another plasma protein, inter-␣-inhibitor (I␣I), whose protein side chains associate with HA also has hyaluronidase inhibitory activity, 53 and may participate in the temporal control of this important reaction.
HA fragments, formed by endothelial-platelet interactions in the microvasculature during the course of tissue injury or infection, induce a strong initial call for action with highly specific inflammatory monocyte-derived cytokines being produced. Platelets may also contribute HA fragments, likely in lower amounts, after platelet degranulation. The quantity of HA fragments generated is likely proportional to the extent of tissue damage and microvasculature activation, and hence is a way to signal the first responders to call for appropriate-magnitude immune response backup. Using our model, one can easily envision multiple steps in which an initial dysregulated response may result in inappropriate downstream immune activation. IL-6 and TNF-␣ are both initiators and end products in this experimental cascade. This could drive a self-perpetuating loop that contributes to chronic inflammatory disease conditions, including IBD.
